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Protein folding: Does diffusion determine the folding rate?
Thomas E. Creighton
A major question about protein folding is whether the
coming together by diffusion of different segments of
the polypeptide chain is rate-determining. This
seemingly simple question has been very difficult to
answer experimentally, but a positive result has now
been obtained with one small model protein.
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The numerous studies of the mechanism of protein fold-
ing show no sign of converging to a consensus; on the
contrary, the number of proposed mechanisms is still
increasing with time. This situation simply reflects the
complexity of the protein-folding problem [1]. The
hallmark of this problem is the vast number of confor-
mations that a polypeptide chain can in principle adopt.
This led Levinthal [2] to propose that protein folding
could not occur by a random search of all possible confor-
mations, but must be directed. Initially, this was taken to
imply that most molecules would rapidly adopt moder-
ately stable partly-folded conformations that would limit
the conformational search. There would consequently be
stable kinetic intermediates that would be populated
substantially and easy to detect.
Experimental studies of protein folding have sought to
identify these crucial intermediates. With some proteins,
species distinct from either the unfolded (U) or folded (N)
states can be detected transiently during refolding of U,
although not usually during unfolding of N. The greater
their accumulation, the more important these intermedi-
ates (I) were concluded to be. In general, however, the
intermediate species that accumulate to the greatest
extent will be those that cannot complete folding rapidly
— species that are kinetically trapped and therefore
unlikely to be productive intermediates. The initial kin-
etic ‘intermediates’ detected turned out to be molecules
that were prevented from completing folding by some
intrinsically slow interconversion:
US ↔
slow
UF ↔ N (1)
In equation (1), US and UF are slow-refolding and fast-
refolding molecules, respectively. They are unfolded or
partly-folded molecules that are only slowly interconverted
because they have to undergo some intrinsically slow iso-
merization, such as the cis–trans isomerization of peptide
bonds preceding proline residues [3]. In the case of cyto-
chrome c, the US forms turned out to have non-native lig-
ands attached to the heme iron [4]. The UF forms fold
much more rapidly, and some proteins have recently been
found to fold extremely rapidly, within a millisecond or so.
This led to the idea that proteins that fold more slowly are
kinetically trapped in some way, and that all proteins would
refold very rapidly in the absence of such kinetic traps.
However, the presence of kinetic traps can be uncovered
by examining the kinetics of unfolding, as only the fast-
refolding UF molecules are generated initially, and they are
only slowly converted to the kinetically trapped species US.
Such studies show that unfolded proteins that fold only
slowly are not necessarily of the kinetically trapped US
type, and that folding per se is not necessarily fast. Indeed,
in the case of bacterial proteases, folding to the stable
native conformation does not occur at a finite rate in the
absence of a ‘pro-region’ of the biosynthetic precursor [5].
Further studies discovered many proteins that refold
without adopting any stable partly-folded conformations
— they remain unfolded until adopting the fully-folded
conformation in an all-or-nothing reaction [6]. Such pro-
teins do not adopt stable conformations to limit the con-
formational search; moreover, these proteins tend to refold
more rapidly than those that adopt partly-folded states
(although they also tend to be smaller). A further observa-
tion suggesting that stable intermediates are not important
for rapid folding is the remarkable ability of complement-
ing fragments of a polypeptide chain to reassemble and
refold [7,8]. Such fragments have a reduced tendency to
adopt stable structure, yet they can recombine and refold
rapidly, apparently using the same transition state as the
intact protein [8,9]. In the case of a protein that forms a
stable partly-folded intermediate, comparison of the rate
constants for the uni-molecular and bi-molecular folding
reactions suggested that it was not the intermediate that
folded productively, but the fully unfolded protein [9].
When folding is coupled to disulphide formation, the
kinetic mechanism can be elucidated unambiguously [10].
Again, some such proteins refold through partly-folded
intermediates with non-random disulphide bonds, whereas
others remain unfolded and form random disulphide
bonds. Even when there is a productive, native-like,
partly-folded intermediate, the rate-limiting transition to
the fully folded state involves at least partial unfolding of
that intermediate [10,11].
The vast number of possible protein conformations also
implies that unfolded proteins are conformationally very
heterogeneous ensembles, in which each molecule will
have a unique conformation at each instant of time.
Folding is frequently imagined to occur by molecules
falling down energetic funnels, starting from whatever
conformation they happened to be in initially and without
necessarily encountering any intermediates or energetic
barriers [12]. Nevertheless, the experimental observations
with well-behaved, model proteins indicate that there is a
substantial energy barrier to folding and that, before
traversing this barrier, all unfolded conformations of the
same US or UF class equilibrate rapidly [1].
This last point is indicated by the first-order kinetics that
are usually observed and indicate that all the molecules of
the same US or UF class have exactly the same probability
of folding, and probably do so by crossing the same free-
energy barrier. Also, the kinetics of refolding are indepen-
dent of the unfolding conditions used; the rate depends
only upon the final folding conditions. A free-energy
barrier also seems to be important for limiting the confor-
mational flexibility of the native conformation; native
proteins under a variety of conditions maintain essentially
the same unique conformation. This free-energy barrier
seems to be the same one that is encountered during
refolding. There are no experimental observations indicat-
ing that the protein-folding reaction is intrinsically differ-
ent kinetically from other chemical reactions with a
free-energy barrier and a transition state.
The experimental observations of protein folding are
readily explicable if one considers the cooperativity that is
necessary for a stable folded conformation to result from
many weak interactions. Simple models of how such
cooperativity may arise indicate that all the productive
kinetic intermediates should be very unstable and impos-
sible to detect experimentally, and that they will define a
free-energy barrier [9]. A very useful analogy is the inter-
leaving of the four flaps of a cardboard box, to produce a
stable, folded structure, which involves a substantial ener-
getic barrier to both making and undoing it (Fig. 1). This
simple model also illustrates the types of unstable
intermediate that must be involved, and the occurrence of
quasi-native structures — for example, with incomplete
native disulphide bonds or incorrect cis/trans peptide bond
isomers — that do not have a high energy barrier to
unfolding (Fig. 2).
The most informative approach to elucidating the mech-
anism of protein folding is to characterize the transition
state. This can be done only indirectly, as the transition
state is, by definition, the least stable species along the
pathway, and is therefore populated for the least amount
of time and impossible to observe directly. Typically, the
transition state is characterized by varying the folding
conditions or the covalent structure of the protein while
monitoring the effect on the rate of folding, which defines
the free energy of the transition state. Most of the experi-
mental results with a few model proteins indicate that the
transition state is closer in structure to the N than to the U
state [1], yet with most of the stabilizing interactions
greatly diminished [8].
Protein folding involves, at some stage, the coming
together by diffusion of the various parts of the unfolded
polypeptide chain, which condense into the close-packed
native conformation. A major question is whether this dif-
fusion process is involved in the rate-limiting step. If so,
the rate of the folding process should be dependent upon
the solvent viscosity. This would seem simple to deter-
mine experimentally, but it is not; the cosolvents that are
usually added to water to increase its viscosity almost
invariably alter other properties of the solvent and also the
net stability of the folded conformation. They either inter-
act directly with the N and/or U states or, for large poly-
mers, are excluded from the immediate environment of
the protein molecule for steric reasons [13]. In affecting
the stability, the rates of unfolding and/or refolding must
also be altered, irrespective of the effect of the solvent vis-
cosity. Consequently, the interpretation of such studies is
not straightforward [14,15].
Franz Schmid and colleagues [16] have now addressed
this question again, using a small model protein that folds
very rapidly and without any populated intermediate
states. The transition state is well-defined kinetically and
is close to the N state in its apparent accessibility to
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Figure 1
The cardboard box model for a protein
unfolding–refolding transition [18]. The native
state of a single-domain globular protein is
represented by the four flaps of a cardboard
box, interleaved to produce a highly
cooperative rigid structure (a). Two
enantiomers are possible, but they are
equivalent. The unfolded state of the protein is
represented by the box with the four flaps
open and free to move (c). The transition
between the native and unfolded states
requires passing through a high-energy
transition state that is a distorted form of the
native conformation (b). 
(a) (b) (c)
UnfoldedTransition stateNative
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denaturants. Ethylene glycol was used to increase the
solvent viscosity; it slowed the rates of both unfolding
and refolding, but it also stabilized the native conforma-
tion at low concentrations. To account for this effect, they
used an analysis developed by Hurle et al. [17], which
assumes that the transition state will be solvated to the
same extent by both the cosolvent used to increase the
viscosity and by the denaturant used to unfold the
protein. Although this assumption seems very reasonable,
it must be remembered that the two cosolvents had
opposite effects on the transition state. Fortunately, the
slowing of the rate of folding was also observed at high
ethylene glycol concentrations, where there was no sub-
stantial effect on stability of the protein.
A further complication is that high concentrations of
cosolvents in water usually affect many of its properties,
and it is not possible to alter solely the viscosity. Schmid
and colleagues [16] present evidence that the nature of
the transition state was not changed by the ethylene
glycol, and they obtained similar results when sucrose was
used to increase the viscosity. They were also able to show
that the slowing down of the folding rate was not a result
of changes in the polarity or surface tension of the solvent
rather than its viscosity.
On the basis of all their data, Schmid and colleagues [16]
conclude that the rate of folding is inversely proportional
to the solvent viscosity, which would indicate that diffu-
sion is involved in the rate-determining step. This con-
clusion is somewhat surprising in view of the compact,
native-like characteristics of this particular transition state.
Diffusion could be more readily imagined to be limiting if
the transition state were expanded and involved large
movements of the polypeptide chain. Unfortunately, the
structural interpretation of diffusion effects is not obvious.
Schmid and colleagues [16] make the point that the vis-
cosity probes the dynamics of the transition state, whereas
the denaturants that indicate it to be very compact probe
its average exposure to the solvent. 
Does the cardboard box model (Figs 1,2) shed any light on
the protein-folding problem? Its transition state certainly
involves dynamic movements of different parts of the
structure. Unfortunately, my attempts to demonstrate the
effects of viscosity experimentally, using a cardboard box
in mixtures of ethylene glycol and water, were inconclu-
sive. Because of its intrinsic importance, combined with
the difficulty in interpreting experimental results, it is
most unlikely that this will be the last discussion of
whether diffusion is rate-limiting in protein folding. 
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If you found this dispatch interesting, you might also want
to read the February 1997 issue of
Current Opinion in
Structural Biology
which included the following reviews, edited
by Christopher M. Dobson and Oleg B.
Ptitsyn, on Folding and binding:
Nucleation mechanisms in protein folding
A.R. Fersht
Submillisecond kinetics of protein folding
W.E. Eaton, V. Muñoz, P.A. Thompson, C-K. Chan and 
J. Hofrichter
Kinetic role of early intermediates in protein folding
H. Roder and W. Colón
Theoretical studies of protein-folding thermodynamics
and kinetics
E.I. Shakhnovich
Chaperone-assisted protein folding
J. Martin and F.U. Hartl
The prion folding problem
P.M. Harrison, P. Bamborough, V. Daggett, S.B. Prusiner
and F.E. Cohen
Protein structure: what is it possible to predict now?
A.V. Finkelstein
the same issue also included the following
reviews, edited by Daniela Rhodes and
Stephen K. Burley, on Protein–nucleic acid
interactions:
Lac repressor–operator complex
M.A. Kercher, P. Lu and M. Lewis
Making DNA do a U-turn: IHF and related proteins
P.A. Rice
Histone-like transcription factors in eukaryotes
S.K. Burley, X. Xie, K.L. Clark and F. Shu
DNA-repair enzymes
D.G. Vassylyev and K. Morikawa
The ternary complex of EF-Tu and its role in protein
biosynthesis
B.F.C. Clark and J. Nyborg
Physical basis of a protein–DNA recognition code
Y. Choo and A. Klug
The role of water in protein–DNA interactions
J.W.R. Schwabe
If you are, or become, a member of BioMedNet, the
worldwide club for biomedical scientists
(http://BioMedNet.com/), you can access any of these
reviews for $1 each.
